Enhanced spin-orbit scattering length in narrow Al^Gai-^N/GaN wires 
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The magnetotransport in a set of identical parallel AlzGai-^N/GaN quantum wire structures 
was investigated. The width of the wires was ranging between 1110 nm and 340 nm. For all sets 
of wires clear Shubnikov-de Haas oscillations are observed. We find that the electron concentra- 
tion and mobility is approximately the same for all wires, confirming that the electron gas in the 
AlzGai-zN/GaN heterostructure is not deteriorated by the fabrication procedure of the wire struc- 
tures. For the wider quantum wires the weak antilocalization effect is clearly observed, indicating 
the presence of spin-orbit coupling. For narrow quantum wires with an effective electrical width 
below 250 nm the weak antilocalization effect is suppressed. By comparing the experimental data 
to a theoretical model for quasi one-dimensional structures we come to the conclusion that the 
spin-orbit scattering length is enhanced in narrow wires. 



I. INTRODUCTION 

The ALjGai-zN/GaN material system is a very 
promising candidate for future spin electronic applica- 
tions. The reason is, that two important requirements 
for the realization of spin electronic devices are fulfilled 
in this material class. First, transition-metal-doped GaN 
diluted magnetic semiconductors have been shown to 
have high Curie temperatures for injection and detection 
of spin polarized carriers (see, e.g. Ref. |l| and references 
therein) and second, spin-orbit coupling for spin control 
in non-magnetic Al^Gai-^N/GaN heterostructures was 
observed^M&kl&s,!^ 

Spin-orbit coupling in AL r Gai_ ;r N/GaN two- 
dimensional electron gases (2DEGs) can be investi- 
gated by analyzing the characteristic beating pattern 
in Shubnikov-de Haas oscillations^^ by measur- 
ing the circular photogalvanic effect j 6 - or by studying 
weak-antilocalization^^ i 10 ' 11 The latter is an electron 
interference effect where the random deviations of the 
spin orientations between time reversed paths result 
in an enhanced conductance ! 12 ' 13 ! 14 From weak antilo- 
calization measurements information on characteristic 
length scales, i.e. the spin-orbit scattering length l so and 
the phase coherence length 1$, can be obtained. 

For quasi one-dimensional systems it was 
predicted theoreticall y 15 ' 16 ! 17 ) 18 and shown 
experimentall y 19 ! 20 ! 21 ! 22 that l so can be consider- 
ably enhanced compared to the value of the 2DEG. This 
has important implications for the performance of spin 
electronic devices, e.g. the spin field-effect-transistor, 23 
since an enhanced value of l so results in a larger degree 
of spin polarization in the channel and thus to larger 
signal modulation! 15 i 23 In addition, many of the recently 
proposed novel spin electronic device structures explic- 
itly make use of one-dimensional channels, because the 
restriction to only one dimension allows new switching 
schemes^^^ 

Very recently, transport measurements on 
AlGaN/GaN-based one-dimensional structures, i.e 
quantum points contacts, have been reported^ 2 ^. With 



respect to possible spin electronic applications it is of 
great interest, how the spin transport takes place in 
AlGaN/GaN quasi one-dimensional structures. Since an 
enhanced value of l so is very advantageous for the design 
of spin electronic devices, it would be very desirable if 
this effect can be observed in ALcGai-^N/GaN wire 
structures. 

Here, we report on magnetotransport measurements on 
ALrGai-^N/GaN parallel quantum wire structures. We 
will begin by discussing the basic transport properties 
of wires with different widths, i.e. resistivity, sheet elec- 
tron concentration, and mobility. Spin-orbit coupling in 
our ALjGai-^N/GaN quantum wires is investigated by 
analyzing the weak antilocalization effect. We will dis- 
cuss to which extent the weak antilocalization effect in 
Al^Gai-^N/GaN heterostructures is affected by the ad- 
ditional confinement in wire structures. By fitting a the- 
oretical model to or experimental data, we will be able to 
answer the question if the spin-orbit scattering length in- 
creases with decreasing wire width, as found in quantum 
wires fabricated from other types of heterostructures. 



II. EXPERIMENTAL 

The AlGaN/GaN heterostructures were grown by met- 
alorganic vapor phase epitaxy on a (0001) AI2O3 sub- 
strate. Two different samples were investigated. Sam- 
ple 1 consisted of a 3-/im-thick GaN layer followed by 
a 35-nm-thick Alo.20Gao.80N top layer, while in sam- 
ple 2 a 40-nm-thick Alo.10Gao.90N layer was used as a 
top layer. The quantum wire structures were prepared 
by first defining a Ti etching mask using electron beam 
lithography and lift-off. Subsequently, the AlGaN/GaN 
wires were formed by Ar + ion beam etching. The etch- 
ing depth of 95 nm was well below the depth of the 
AlGaN/GaN interface. The electron beam lithography 
pattern was chosen so that a number of 160 identical 
wires, each 620 (im long, were connected in parallel. A 
schematic cross section of the parallel wires is shown in 
Fig. □ (inset). 
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FIG. 1: (Color online) Conductance G as a function of the 
geometrical width W. The conductance of a single wire is 
plotted, which was determined by dividing the total conduc- 
tance by the number of wires connected in parallel. The full 
lines represent the corresponding linear fits. The arrows indi- 
cates the total width of the depletion zones Wdepi- The inset 
shows a schematics of the cross-section of the wires. Here, W 
corresponds to the geometrical width, while Weff indicates 
the effective electrical width. 

Different sets of wires were prepared comprising a geo- 
metrical width W ranging from 1110 nm down to 340 nm 
(see Table |T|. The geometrical widths of the wires were 
determined by means of scanning electron microscopy. 
The sample geometry with quantum wires connected in 
parallel was chosen, in order to suppress universal con- 
ductance fluctuations^ After removing the Ti mask by 
HF, Ti/Al/Ni/Au Ohmic contacts were defined by op- 
tical lithography. The Ohmic contacts were alloyed at 
900° C for 30 s. For reference purposes a 100- p,m.- wide 
Hall bar structure with voltage probes separated by a 
distance of 410 /mi were prepared on the same chip. 

The measurements were performed in a He-3 cryostat 
at temperatures ranging from 0.4 K to 4.0 K. The re- 
sistances were measured by employing a current-driven 
lock-in technique with an ac excitation current of 100 nA 
and 1 fiA for sample 1 and 2, respectively. 



III. RESULTS AND DISCUSSION 

In order to gain information on the transport proper- 
ties of the Al^Gai-^N/GaN layer systems, Shubnikov-de 
Haas oscillations were measured on the Hall bar samples. 
At a temperature of 0.5 K sheet electron concentrations 
n2D of 5.1 x 10 12 cm~ 2 and 2.2 x 10 12 cm" 2 , were de- 
termined for sample 1 and 2, respectively. The Fermi 
energies calculated from n2D are 55 meV for sample 1 
and 24 meV for sample 2. Here, an effective electron 
mass of m* = 0.22 m e was taken into account^ The mo- 
bilities p, were 9150 cm 2 /Vs and 3930 cm 2 /Vs for sam- 
ple 1 and 2, respectively, resulting in elastic mean free 
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TABLE I: Summary of characteristic parameters of both sam- 
ples: The sample number, geometrical wire width W , effec- 
tive electrical wire width Weff, resisistivity p, sheet electron 
concentration U2d, mobility p, and elastic mean free path 
lei- The spin-orbit scattering length l ao , and phase coherence 
length were extracted from the fit using the Kettemann 
models 
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paths l e i of 314 nm and 95 nm. The smaller electron 
concentration of sample 2 can be attributed to the lower 
Al-content of the Al^Gai-^N barrier layer resulting in a 
smaller polarization-doping,3i The lower mobility found 
in sample 2 compared to sample 1 can be explained by 
the reduced screening at lower electron concentrations. 32 
Owing to the large surface potential of GaN, which has 
been determined to be between 0.5 and 0.6 eV,— a con- 
siderable surface carrier depletion can be expected. For 
our wires the carrier depletion at the mesa edges will re- 
sult in an effective electrical width W e f / which is smaller 
than the measured geometrical width W. In order to gain 
information on the lateral width of the depletion zone, 
the wire conductance at zero magnetic field was deter- 
mined for different wire widths. In Fig. [T] the single- wire 
conductance G is shown as a function of the wire width 
for both samples. It can be seen that for both samples 
G scales linearly with W . The total width of the deple- 
tion zone was determined from the linear extrapolation 
to G = 0, indicated by W dep i in Fig. Qp.^ The deple- 
tion zone width for sample 1 is 210 nm while for sample 2 
a value of 240 nm was determined. The larger value of 
Wdepi for sample 2 can be attributed to the lower electron 
concentration compared to sample 1. The corresponding 
effective electrical width W e f / , defined by W — Wd ep i , is 
listed in Table [IJ The two-dimensional resistivity p of the 
wires at B = was calculated based on W e f / ■ As can be 
seen by the values of p given in Table U for sample 1 the 
resistivity remains at approximately the same value if the 
wire width is reduced. A similar behavior is observed for 
sample 2, although the variations are somewhat larger. 
In any case no systematic change of p is found for both 
samples. 

As can be seen in Fig ® clear Shubnikov-de Haas os- 
cillations in the magnetoresistivity p(B) — po(B) are re- 
solved for different sets of wires of sample 1. For a bet- 



FIG. 2: (Color online) Magnetoresisitivity as a function of 
the inverse magnetic field for set of wires of different widths 
(sample 1). The slowly varying background resistivity po(B) 
was subtracted. For clarity, the curves are offset by 2 Q. The 
resistance of the sets of wires was measured at a temperature 
of 0.5 K. The inset shows the resistivity of the 1090 nm wide 
wires before the background resistivity po{B) was subtracted. 



ter comparison the slowly varying field-dependent back- 
ground resistivity po(B) was subtracted. In order to get 
an impression on the relation between the amplitude of 
the Shubnikov-de Haas oscillations and the background 
resistivity, the total resistivity p(B) is shown exemplar- 
ily for the 1090-nm-wide wires in Fig. [5] (inset). As can 
be seen here, the oscillation amplitude turns out to be 
small compared to pa(B), because of the relatively low 
mobility. From the oscillation period of p(B) — po(B) 
vs. 1/B the sheet electron concentration n^o was deter- 
mined for the different sets of wires. As can be seen in 
Fig. [2] the oscillation period and thus ii2D is approxi- 
mately the same for all sets of wires (cf. Table H]). The 
values of n-iv are comparable to the value found for the 
2DEG. As given in Table [I] for sample 2 the values of 
ri2D for the different sets of wires were also found to be 
close to the value extracted from the corresponding Hall 
bar structure. 

The mobility p and elastic mean free path l e i was deter- 
mined from ri2D and p(B = 0). As can be inferred from 
the values of p and l e i given in Table [H both quantities 
are similar for all sets of wires for a given heterostructurc. 
For sample 2, l e i is always smaller than W e ff, therefore 
no significant deviation from the 2DEG conductivity is 
expected. However, for the 440 nm and 340 nm wide 
wires of sample 1, l e i exceeds W e ff so that a bound- 
ary scattering contribution is expected. However, since 
the mobility is not decreased, we can conclude that the 
boundary scattering is predominately specular. Proba- 
bly, the smooth potential from the depletion zone favors 
specular reflection. 

We now turn to the investigation of spin-related ef- 
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FIG. 3: (Color online) (a) Experimental magnetoconductivity 
o~{B) — cr(0) normalized to e 2 /h for different sets of wires of 
sample 1. The measurement temperature was 0.4 K. Sets of 
wires with a geometrical width ranging from 1090 nm down 
to 340 nm were measured. The full lines show the calculated 
values using the Kettemann model.— (b) Corresponding mea- 
surements of o(B) — cr(0) for sets of wires of sample 2 with 
widths in the range from 1110 nm to 360 nm. The full lines 
show the calculated magnetoconductivity. 

fects in the electron transport. In Fig. (Ha) the nor- 
malized magnetoconductivity a(B) — er(0) is shown for 
different sets of wires of sample 1. For the narrow 
wires with a width up to 440 nm the magnetoconductiv- 
ity monotonously increases for increasing values of \B\, 
which can be attributed to weak localization. The weak 
localization effect originates from the constructive inter- 
ference of time-reversed pathes for the case when spin- 
orbit scattering can be neglected. In contrast, for the 
1090 nm, 880 nm, and 790 nm wide wires, a peak is 
found in the magnetoconductivity at B = 0, which is 
due to weak antilocalization. The slope of the magneto- 
conductivity changes sign at \B\ w 2.2 mT. This value 
corresponds well to the positions of the minima found 
in the weak antilocalization measurements on the Hall 
bars of sample 1. For magnetic fields beyond 2.2 mT 
the transport is governed by weak localization, where the 
magnetoconductivity increases with \B\. 

As can be seen in Fig.[3Jb), a similar behavior is found 
for sample 2. For wire widths up to 470 nm weak lo- 
calization is observed, whereas for the 1110 nm, 930 nm 
and 720 nm wide wires weak antilocalization is found. In 
contrast to sample 1, the width of the weak antilocaliza- 
tion peak depends on the widths of the wires. For the 
first two sets of wires minima in cr(B) — c(0) are found 
at B = ±2.2 mT. Whereas, for the 720-nm-wide wires 
minima are observed at ±1.5 mT. The peak height due 
to weak antilocalization decreases with decreasing wire 
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width. In general, the modulations of a(B) — cr(0) are 
found to be considerably smaller for sample 2 compared 
to sample 1, which can be attributed to the smaller elas- 
tic mean free path and, as it will be shown later, to the 
smaller phase coherence length. 

With increasing temperature the weak antilocalization 
peak decreases. This can be seen in Fig. H^a), where 
a(B) — cr(0) is shown at different temperatures for the 
930-nm-wide wires of sample 2. Above 2 K no signature 
of weak antilocalization is found anymore. Furthermore, 
the weak localization contribution to u(B) — <t(0) suc- 
cessively decreases with increasing temperature. This ef- 
fect can be attributed to the decreasing phase coherence 
length with increasing temperature! 36 ' 37 As can be seen 
in Fig. H{b), for the 360-nm-wide wires only weak local- 
ization was observed. Similar to the wider sets of wires, 
the weak localization effect is damped with increasing 
temperatures. 
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FIG. 4: (Color online) (a) Magnetoconductivity a(B) — a(0) 
normalized to e 2 /h of the 930-nm-wide set of wires of sample 
2 at different temperatures in the range from 0.4 K to 4 K. 
(b) Corresponding measurements for the set of 360-nm-wide 
wires. 

From weak antilocalization measurements the charac- 
teristic length scales, i.e. 1$ and l so , can be estimated. 
In order to get some reference value for the 2DEG, 
the model developed by Iordanskii, Lyanda-Gcllcr, and 
Pikus 38 (ILP-modcl) was fitted to the weak antilocal- 
ization measurements of the Hall bar structures. Only 
the Rashba contribution was considered, here. For sam- 
ple 1, and I so were found to be 1980 nm and 300 nm 
at 0.5 K, respectively, whereas for sample 2 the corre- 
sponding values were 1220 nm and 295 nm at 0.4 K. For 
both samples the effective spin-orbit coupling parameter 
a = h 2 /2m*l so is approximately 5.8 x 10~ 13 eVm. The 
zero-field spin-splitting energy can be estimated by us- 
ing the the expression A so = 2kpa, with kp the Fermi 
wavenumber given by y/Q/Kn^E. For sample 1 one obtains 
a value of A so — 0.66 meV, while for sample 2 one finds 
0.43 meV. The values of A so are relatively large com- 
pared to their corresponding Fermi energies, which con- 



firms the presence of a pronounced spin-orbit coupling in 
ALcGai^N/GaN 2DEGs£2>±&±i 

The ILP-model is only valid for 2DEGs with 1$ < W, 
thus it cannot be applied to our wire structures. Very 
recently, a model appropriate for wire structures was de- 
veloped by Kettemann,— which covers the case W < 1$. 
Here, the quantum correction to the conductivity is given 
by: ' 

a(B)-a(0) = e l(—£SL - ^£ 

h + B*/4 y/H^ + B'/A + H, 

_ 2 \ , 

y/H+ + B*/4: + H so /2) ' 

with H$ defined by ft/(4eZ^) and H\y given by 
fi/(4eT4 7 e 2 jj). The effective external magnetic field B* 
is defined by: 

B* = B | 1 1 ; Q I , (2) 

with Ib — \J h/eB the magnetic length. The spin-orbit 
scattering length l so in the wire can be obtained from the 
characteristic spin-orbit field H so — h/(4el 2 ). 

The Kettemann model was fitted to the experimental 
curves by adjusting H so and H^. The corresponding val- 
ues of l so and 1$ extracted from the fit are listed in Table|T] 
and shown in Fig.0 Even for the widest wires l so is found 
to be larger than the value obtained for the 2DEG from 
the ILP fit. The deviations are probably already due 
to confinement effects. In addition, different approxima- 
tions made in ILP model 3 ^ for the two-dimensional case 
and the Kettemann model 3 -^ for wire structures might 
also account partially for the deviations. 

As can been seen in Fig [5l for sample 1 the spin- 
orbit scattering length l so monotonously increases with 
decreasing W e ff, while l§ decreases. The latter is in 
accordance to theoretical predictions. 36 ' 37 For the wider 
wires with W = 1090 nm, 880 nm, and 790 nm 1$ ex- 
ceeds l so , so that weak antilocalization is expected. In 
contrast, for the very narrow wires with W e ff — 230 nm 
and 130 nm the values for l so obtained from the fit are 
close or even exceed 1$. In this case the spin-rotation 
caused by spin-orbit coupling is not sufficiently strong to 
affect the interference of time-reversed pathsi 3 ^ As a con- 
sequence, the weak antilocalization effect is suppressed 
so that weak localization remains. For the 340- nm- wide 
wires a satisfactory fit could be obtained down to a lower 
boundary value of l so , indicated by the half filled symbol 
shown in Fig. [U^a). In principle, one could argue, that 
the appearance of weak localization for the very narrow 
wires is solely due to a strongly reduced phase coher- 
ence length, while l so remains at the relatively low values 
found for the wider wires. However, in our fits the sup- 
pression of the weak antilocalization effect could not be 
explained by simply decreasing 1$ compared to the values 
of the wider wires. A satisfactory fit was only obtained if 
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FIG. 5: (Color online) (a) Spin-orbit scattering length l so 
determined from the fit of the Kettemann model^ to the 
a(B) — er(0) curves at T — 0.4 K for sample 1 (circles) and 
sample 2 (squares). The half filled symbols at small width 
represent the lower boundary values of l ao . The inset shows 
lif, as a function of temperature for the 930 nm and 360 nm 
wide wires of sample 2. (b) Phase coherence length for 
both samples determined from the fit. 



l so was increased to a larger value compared to the wider 
wires. 

As can be seen in Fig (3J for sample 2 the spin-orbit 
scattering length l so also increases with decreasing W e f / , 
although with a smaller slope, compared to sample 1. 
Similarly to sample 1, 1$ decreases with decreasing wire 
width. However, due to the lower elastic mean free path 
of sample 2, is considerably smaller for this sample (cf. 
Fig. [5]) . All values of l so and 1$ obtained from the fit are 
listed in Table [fl A comparison of cr(B) — er(0) for the 
widest wires and for the Hall bar structures reveals, that 
the weak antilocalization peak is larger by a factor of two. 
Thus, although l e i is significantly smaller than W e // this 
clearly indicates that the additional carrier confinement 
already affects the interference effects ^ 

By fitting the Kettemann model to the measurements 
shown in Fig. 2J was determined for the 930 nm and 
360 nm wide wire at different temperatures. For both 
samples a fixed value of l so , corresponding to the values 
at 0.4 K, were assumed. As can be seen in Fig. 03a), 
inset, for both samples 1$ monotonously decreases with 
temperature, in accordance with theoretical models. 36 ' 37 
At a temperature of 4 K 1$ is found to be close to l e i. 
In that regime the interference effects are expected to 
be suppressed. This is confirmed by the measurements 
where only a weak field-dependence of <j(B) — cr(0) is 
found. 

For both samples we found an increase of l so with 
decreasing wire width and even a suppression of weak 
antilocalization for narrow wires. This observance is in 
accordance with weak antilocalization measurements of 



quantum wires based on low-band gap materials, i.e. In- 
GaAs or InAs. 19 ' 20 However, for these types of quantum 
wells the coupling parameter a is usually very large. In 
this case transport takes place in a different regime where 
ho <C l e i so that a more elaborate model had to be ap- 
plied to extract Z S o- 19 - As discussed by Kettemann^ the 
increase of l so can be attributed solely to a modifica- 
tion of the backscattering amplitude. In an intuitive 
picture, the increase of l so in narrow wires can be ex- 
plained, by the reduced magnitude of accumulated ran- 
dom spin phases due to the elongated shape of relevant 
closed loops. Here, the spin phase accumulated in for- 
ward direction is basically compensated by the propa- 
gation in backwards direction, so that the spin-related 
contribution to the interference of electrons backscat- 
tered on time reversed paths tends to diminish. As a 
result, only weak localization is observed . 15 ' 19 Although 
the spin-orbit coupling strength in our AlGaN/GaN sam- 
ples is small compared to heterostructures based on InAs 
and thus different models have to be consulted for a de- 
tailed description, the basic mechanism responsible for a 
suppression of the weak antilocalization effect is the same 
for both material systems. In our case, no decrease of 
spin-orbit coupling strength, quantified by a, is required 
to account for the suppression of weak antilocalization 
in narrow wires. In fact, an estimation of effect of the 
confinement potential on a based on the theory of Mo- 
roz and Barnes 4 - confirmed that for our wire structures 
no significant change of a with W e // is expected. As 
shown in Fig. [5] (a), for sample 2 the increase of ^ so with 
decreasing wire width is smaller than for sample 1. We 
attribute this to the fact, that for sample 2 the larger ex- 
tend of diffusive motion, quantified by the smaller value 
of l e i, partially mask the effect of carrier confinement. 
Due to the larger values of l e i and 1$ of sample 1 com- 
pared to sample 2, the shape of the loops responsible for 
interference effect is affected more by the confinement of 
the wire. Thus, the enhancement of l so is expected to be 
stronger. Indeed, theoretical calculations by Pareek and 
Bruno 1 ^ showed that for quasi-onedimensional channels 
a strong increase of l so can only be expected if W e // is 
in the order of l e \. 

For narrow wires with W e // < l so in the diffusive 
regime (l e i < W e ff) the spin-orbit scattering lengths can 
be estimated by£2- 



lso,diff — Vl2 ™' 2D l so ,2D 



W 



eff 



(3) 



Here, l so ,2D is the spin-orbit scattering length of the 
2DEG. The calculated values of l so ,diff should only be 
compared to the fitted values of l so of sample 2, since 
only for this sample l e i < W e // is fulfilled. As can be 
seen in Fig. [5] (a), l so calculated from Eq. © fits well 
to the experimental values corresponding to intermedi- 
ate effective wire width of W e // = 480 nm. However, 
for smaller effective wire widths the calculated values of 
Iso.diff are considerably larger. Probably, spin scatter- 
ing processes other than the pure Rashba contribution 
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are responsible for this discrepancy^ 

An enhanced spin-orbit scattering length is very de- 
sirable for spin electronic devices. Providing that the 
strength of the spin-orbit coupling itself remains un- 
changed, a confinement to a quasi one-dimensional sys- 
tem would result in a reduced spin randomization. A 
reduction of spin randomization is an advantage for the 
realization of spin electronic devices, since it would ease 
the constraints regarding the size of these type of devices. 
In this respect, our finding that l so increases with de- 
creasing wire width is an important step towards the re- 
alization of spin electronic devices based on AlGaN/GaN 
heterostructures. 



of quantum wires with a geometrical width as low as 
340 nm, clear Shubnikov-de Haas oscillations were ob- 
served. Magnetotransport measurements close to zero 
magnetic field revealed a suppression of the weak antilo- 
calization effect for very narrow quantum wires. By com- 
paring the experimental data with a theoretical model for 
one-dimensional structures it was found that the spin- 
orbit scattering length is enhanced in narrow wires. The 
observed phenomena might have a important implication 
regarding the realization of spin electronic devices based 
on AlGaN/GaN heterostructures. 



IV. CONCLUSIONS 

In conclusion, the magnetotransport of AlGaN/GaN 
quantum wires had been investigated. Even for sets 
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